Abstract.-When niacin-requiring E. coli was starved of niacin, a precursor of nicotinamide adenine dinucleotide (NAD), the cells elongated and synthesis of DNA was inhibited while syntheses of RNA and protein continued. The cellular NAD concentration decreased to less than one tenth of the normal level in niacin deficiency, but no change in DNA ligase level was detected. The apparent inhibition of DNA synthesis can be explained as due to reduction in the activity of the cofactor, NAD, for the enzyme.
zyme.20 After incubation at 300 for 30 min, E. coli alkaline phosphomonoesterase was added and the mixture was incubated for 15 min at 850 . The fraction which was resistant to phosphatase was counted with a GM counter (Aloka), in accordance with the procedure of Olivera and Lehman.4 Purification of DNA ligase: DNA ligase from E. coli was purified as described previously up to the step of ammonium sulfate fractionation.2 Extraction of DNA: DNA was extracted by the procedure of Thomas.2' Zone sedimentation in sucrose gradients: Alkaline sucrose gradient: Native DNA was denatured by incubation in 0.1 N NaOH containing 10-3 M EDTA at room temperature for 20 min and then layered on a 5-20% sucrose gradient containing 0.1 N NaOH, 0.8 M NaCi, and 10-3 M EDTA. The tubes were spun in a Hitachi RPS 40 rotor. Denatured DNA was also prepared by another method in which spheroplasts were placed directly on the top of the alkaline sucrose gradient.16 Phage particles of T4 or X, labeled with 14Ct thymine or 3H-thymidine, were used as an internal marker of size in the alkaline sucrose gradient.
Neutral sucrose gradient: One-tenth ml of DNA was layered on a neutral 5-20% sucrose gradient containing 10-2 M NaCl and 10 -3 M EDTA, pH 8. The tubes were spun in a Hitachi RPS 40 rotor.
Chromatography Results.-Decrease of NAD during niacin starvation: When niacin-requiring E. coli cells were grown with 14C-niacin and then transferred to niacin-free medium, the cellular content of '4C-NAD decreased with time to one tenth of the normal level after two hours of starvation (Fig. 1 ). This indicates that niacin starvation creates an NAD-deficient state in the cells. Upon addition of 14C-niacin to the culture after 2.5 hours of starvation, cellular 14C-NAD was rapidly restored to the normal level within 15 minutes (Fig. 1) .
Cells in NAD deficiency: In NAD deficiency, the cell number did not increase, although the turbidity of the culture gradually increased.'6 Cells of this state elongated to severalfold of the normal. When niacin was added after four hours of starvation, the cell number increased about twofold (Fig. 2) . Thus, cell division seems to be inhibited by NAD deficiency.
Inhibition of DNA synthesis: The incorporation of '4C-adenine into the DNA and RNA fractions and of '4C-amino acid into proteins during niacin starvation are shown in Figure 3 . Inhibition of DNA synthesis occurred one hour after transfer, while RNA and protein syntheses continued. This indicates that the cellular concentration of NAD specifically affected the system for DNA synthesis. DNA ligase of E. coli requires NAD as a cofactor;3 8 SO NAD deficiency may cause apparent inactivation of DNA ligase followed by inhibition of DNA synthesis. This possibility was examined.
NAD concentration and ligase activity: The cellular concentration of NAD was calculated from the specific activity of 14C-niacin and the number of cells (Fig. 1) ; cells were assumed to be about 1 , long. Highly purified DNA ligase from E. coli requires more than 1 X 10-4 M NAD for full activity. 20 The NAD concentration at zero time was calculated to be 4.4 X 10-4 M (Table 1) , a value approximately coinciding with that reported previously.23 However, the concentration after two and 2.5 hours of starvation seemed to be sufficiently low to suppress the activity of DNA ligase (Table 1) .
Cells from niacin-free and supplemented media were collected, and the DNA ligase in sonicated extracts of these cells was examined. However, the activity was too low to be detected, since this strain has endonuclease activity. Thus, the extracts were purified by streptomycin precipitation and ammonium sulfate fractionation to remove nuclease activity. In the presence of NAD, the activities of DNA ligase in the two extracts were similar (Fig. 4) . Therefore, NAD deficiency (Fig. 5 ). This smaller DNA was integrated into DNA of normal size ten minutes after addition of niacin (Fig. 5a ), when DNA synthesis had not yet returned to the normal level'6 but the normal NAD level had been restored (Fig. 1) . Therefore, it seems that small DNA was integrated into larger DNA only in the presence of NAD, possibly by restoration of DNA ligase activity.
DNA was extracted by the procedure of Thomas2" from cells labeled with 3H-thymidine for five minutes after 75 minutes of niacin starvation. It was sedimented in neutral and alkaline sucrose gradients (Fig. 6 ). In the neutral gradient, the DNA synthesized in NAD deficiency was as large as control DNA ( x--x, -DNA. Centrifugation was 38,000. rpm for 120 min. i~encty.
--, rV4.
Fraction number 6a), but in the alkaline gradient it was smaller (Fig. 6b) . The size of the small fragments was calculated from the internal marker of X and T4 DNA24 to be heterogeneous with a molecular weight of 16-38 X 106. This DNA was analyzed by chromatography on a hydroxyapatite column (Fig.  7) . Heat-denatured DNA was eluted with 0.17 M phosphate and native DNA with 0.22 M phosphate (Fig. 7a) , while small DNA was eluted with 0.22 M phosphate (Fig. 7b ), suggesting that it had a double-stranded structure.
DNA synthesized before transfer: Cells were labeled with 3H-thymidine for three generations in the presence of niacin and then transferred to niacin-free medium. The culture was then chased by addition of nonlabeled thymidine. Aliquots were removed at intervals, and DNA was analyzed in an alkaline sucrose gradient. It was shown clearly that no DNA synthesized before transfer was fragmented in NAD deficiency (Fig. 8) , indicating that the small pieces of DNA accumulating (Fig. 5) were newly synthesized material.
Discussion.-In niacin starvation the cellular NAD content decreases to below the level necessary for DNA ligase activity (Table 1) . NAD is mainly a coenzyme for dehydrogenases in the respiratory chain. Under our conditions synthesis of RNA and protein continued for at least three hours in niacin starvation (Fig. 3) . This suggests that energy supply from the respiratory chain was not significantly affected when DNA synthesis was inhibited. These results might be interpreted as shown in Figure 9 . In niacin starvation, NAD supply to compartments B and C would stop. In the respiratory chain, NAD is reduced to NADH which would be reconverted to NAD with the coupled system. On the other hand, in the ligase reaction NAD degrades to AMP and NMN,3 which would be one precursor of NAD. If NMN is converted to NAD in compartment A, supply of newly synthesized NAD to compartment B would be less than to compartment C (Fig. 9) , so that the concentration of NAD would decrease preferentially in B. Compartment B is estimated to be a few per cent of the size of C. Assuming that DNA is replicated by coupling of DNA polymerase with DNA ligase,9 it is calculated that the NAD consumed in the ligase reaction is in the order of 2-4 per cent of the total. Thus, NAD deficiency seems to be a new system by which it is possible to study the function of DNA ligase in vivo.
It was suggested that in chromosomal replication small fragments were synthesized by DNA polymerase and then joined together by DNA ligase.9' 10 These fragments were thought to be 1000 to 2000 nucleotides in length and singlestranded.9' 2 The presence of a second intermediate which was double-stranded and a little larger than the first intermediate was also suggested.27 The DNA synthesized under our conditions was larger than either fragment and doublestranded (Fig. 7) .
We showed that the apparent inhibition of DNA synthesis in NAD deficiency was due to suppression of cellular ligase activity. Thus, the final step of DNA replication seems to involve a process in which ligase functions in conversion of larger nucleotides to whole chromosomes. If this is the case, suppression of ligase activity by NAD deficiency mainly affects the final step of DNA replication, thereby inhibiting the initiation of DNA synthesis.28 The fact that larger DNA fragments accumulated in niacin deficiency and that they were integrated into normal chromosomes on addition of niacin suggested that they are intermediates of DNA as well as the second type described by Oishi,27 and that there is no significant inhibition of DNA polymerase under our conditions. We wish to thank Dr. Y. Anraku for his valuable advice and suggestions.
